We used a comparative genomics approach implemented in the SEED annotation environment to reconstruct the chitin and GlcNAc utilization subsystem and regulatory network in most proteobacteria, including 11 species of Shewanella with completely sequenced genomes. Comparative analysis of candidate regulatory sites allowed us to characterize three different GlcNAc-specific regulons, NagC, NagR, and NagQ, in various proteobacteria and to tentatively assign a number of novel genes with specific functional roles, in particular new GlcNAc-related transport systems, to this subsystem. Genes SO3506 and SO3507, originally annotated as hypothetical in Shewanella oneidensis MR-1, were suggested to encode novel variants of GlcN-6-P deaminase and GlcNAc kinase, respectively. Reconstitution of the GlcNAc catabolic pathway in vitro using these purified recombinant proteins and GlcNAc-6-P deacetylase (SO3505) validated the entire pathway. Kinetic characterization of GlcN-6-P deaminase demonstrated that it is the subject of allosteric activation by GlcNAc-6-P. Consistent with genomic data, all tested Shewanella strains except S. frigidimarina, which lacked representative genes for the GlcNAc metabolism, were capable of utilizing GlcNAc as the sole source of carbon and energy. This study expands the range of carbon substrates utilized by Shewanella spp., unambiguously identifies several genes involved in chitin metabolism, and describes a novel variant of the classical three-step biochemical conversion of GlcNAc to fructose 6-phosphate first described in Escherichia coli.
The genus Shewanella is composed of a number of species and strains, all of which are Gram-negative ␥-proteobacteria (order Alteromonadales). These bacteria are widespread in aquatic environments and abundant in environments where nutrient levels are high and redox interfaces are found. Shewanella oneidensis MR-1 was originally isolated from freshwater sediments of Oneida Lake, NY (1) , whereas other species have been isolated from marine sediments, marine waters, and a variety of other environments (2) . Because of their respiratory versatility (many can respire 10 or more different electron acceptors), they are thought to play an important role in the cycling of organic carbon and in the geobiology and ecology of sedimentary environments. In contrast to their versatility with regard to electron acceptors, Shewanella tend to be rather limited with regard to energy sources utilized.
Thus, it was of great interest to perform the genomic analysis of Shewanella to see if this limited nutritional versatility is a feature of the organism and not a result of our limited knowledge of its biology. To this end, a significant effort was allocated to the genomic and functional analysis of this interesting group of species (3) . As of now, the genomes of 11 strains of Shewanella have been sequenced (4) , and one of these strains, S. oneidensis MR-1, became a subject of careful genomic annotation and in-depth functional genomics analysis (5) (6) (7) . The wealth of accumulated data, together with features enabling physiological and genetic studies (facultative anaerobe, robust growth in defined medium, etc.) and practical importance, make S. oneidensis a very attractive model system representing a genuine environmental (aquatic) lifestyle.
Chitin, the second-most abundant organic polymer in nature after cellulose, is composed of GlcNAc residues that play an important role in supplying carbon and energy in a variety of organisms (8) . Chitin is present in the cell walls of fungi as well as in cuticles and exoskeletons of worms, mollusks, and arthropods, and it constitutes a natural source of GlcNAc for many bacteria in respective ecosystems, such as large aquatic reservoirs. An extremely efficient utilization of chitin in the ocean is evidenced by the fact that its presence in marine sediments is nearly undetectable. Marine chitinolytic bacteria, such as Vibrionales, are presumed to play a key role in this process (9) . Chitin catabolism in Vibrios is initiated by detection of chitin oligosaccharides and/or GlcNAc by chemotactic sensors and is followed by the up-regulation of a suite of genes that mediate chitin depolymerization at the cell surface, uptake of resulting monomers across the outer membrane, further degradation into GlcNAc, and subsequent transport across the inner membrane to the cytoplasm where it is finally transformed to the common metabolic intermediate fructose 6-phosphate (Fru-6-P) 4 (10, 11) . Enzymology and regulation of the chitinolytic machinery have also been studied in some aquatic representatives of the Alteromonadales order, such as Alteromonas sp. (12) and Saccharophagus degradans (formerly Microbulbifer degradans) (13) , but so far not in Shewanella spp.
The transformation of GlcNAc to Fru-6-P is catalyzed via consecutive phosphorylation, deacetylation, and isomerization-deamination reactions (Fig. 1) . This three-step biochemical pathway (i.e. the NAG pathway) appears to be conserved both in chitinolytic bacteria (such as Vibrio cholerae) and in non-chitinolytic species such as Escherichia coli (11, 14) . In E. coli, genes involved in the NAG pathway are organized in the nagBACD operon (Fig. 2) and controlled by the transcriptional regulator NagC (15) . The same regulator controls expression of the chb operon, whose products enable E. coli to utilize chitobiose ( Fig. 1) , a disaccharide form of GlcNAc (16) .
Because the initial genomic survey of S. oneidensis MR-1 only identified the presence of one of the three canonical NAG pathway genes encoding the GlcNAc-6-P deacetylase NagA (5), the occurrence of a NAG catabolic pathway in MR-1 is not obvious. We used a subsystems-based comparative genomic analysis as implemented in the SEED platform (17) to explore the GlcNAc and chitin utilization machinery in several species of Shewanella with completely sequenced genomes. The analysis of the subsystems was used to project gene assignments from model species to other genomes and to identify which pathway variants are likely implemented in groups of species (18) . It also revealed gaps in the existing knowledge, such as missing genes for enzymatic steps inferred by metabolic reconstruction. The analysis of genome context, e.g. conserved operons and regulons, was then used to predict gene candidates amenable to focused experimental verification (19) .
By using this approach, we have identified and experimentally validated a novel functional variant of the NAG pathway present in most Shewanella spp. Two of three enzymes involved in this pathway, GlcNAc kinase (SO3507 in S. oneidensis, named NagK) and an alternative GlcN-6-P deaminase (SO3506, named NagB-II), that were not homologous to the respective components of the E. coli NAG pathway, were characterized in more detail. In addition, we have tentatively identified a novel transcriptional regulator (SO3516, named NagR) and a permease (SO3503, named NagP) associated with the NAG pathway in Shewanella and several related species, as well as several other genes likely associated with the utilization of chitin and/or chito-oligosaccharides. Many of these genes occur in operons that form a novel predicted regulon controlled by NagR. Although most of these functional predictions have yet to be validated experimentally, the overall pattern of genes tentatively associated with the NAG pathway (biochemically characterized in this study) provides the first strong evidence of an elaborate chitin utilization machinery, which is likely to be conserved in many Shewanella spp.
EXPERIMENTAL PROCEDURES

Genomic Reconstruction of GlcNAc Utilization and Related Pathways in Proteobacteria
Genomes and Bioinformatics Tools-Complete and nearly complete genomes of proteobacteria analyzed in this study were uploaded from GenBank TM , the Institute for Genomic Research, the Department of Energy Joint Genome Institute, and Welcome Trust Sanger Institute as listed in supplemental Table S1 . Most of these and other (supporting) genomes used for comparative analysis are integrated in the SEED genomic data base as listed on line. For analysis of regulatory DNAbinding motifs and their genomic context, we used the integrated GenomeExplorer software, including the SignalX program for identification of conserved regulatory motifs (20) . Sequence logos for regulatory motifs were depicted using the WebLogo package version 2.6 (21) . In addition we used ClustalX to construct multiple protein alignments and trees (22) ; Psi-BLAST (23) to conduct long range similarity searches; the PFAM (24) and Conserved Domain data bases (25) to identify conserved functional domains; and TMpred (26) to predict transmembrane segments.
Subsystem Encoding, Annotations, and Genome Context Analysis-A set of subsystems-based genomic annotations and metabolic reconstruction tools implemented in the SEED platform were used to capture the existing knowledge of GlcNAc utilization pathways and to tentatively project it to a broader collection of bacteria with completely sequenced genomes. The general approach was originally described by Overbeek et al. (17) , and its application was recently illustrated for the analysis of NAD metabolism in cyanobacteria (27) . Briefly, a subsystem is initiated by defining a list of functional roles (enzymes, transporters, and regulators) immediately associated with a biological process under study. This information is obtained by review of the literature related to NAG metabolism and pathway-reaction-compound information available in public resources such as KEGG and MetaCyc. In this study we have focused on the conversion of GlcNAc to Fru-6-P placed in a broader functional context with feeding (chitin hydrolysis and uptake) and regulatory pathways. The subsystem phylogenetic boundaries were limited to the proteobacteria lineage. Most initial information about functional roles and respective genes was derived from the studies in E. coli K12 (14) and a group of chitinolytic bacteria, including Vibrio spp. (11) and Saccharophagus degradans (13) . A subsystem is encoded as a spreadsheet, where rows correspond to sequenced genomes and columns correspond to functional roles. Individual genes (proteins) are connected to cells in the spreadsheet via internally consistent annotations. Functional roles encoded by nonorthologous groups of genes are represented by sets of two (or more) separate columns (alternative forms). Subsystem expansion beyond model species and their closest relatives is accomplished by addition of increasingly distant genomes (rows) and orthology-based projection of gene annotations. The analysis of genome context (e.g. clustering on the chromosome) and functional context (e.g. pathway requirements) significantly improves the quality and consistency of tentative functional assignments. This analysis also allows us to do the following: (i) recognize gene patterns corresponding to major functional variants of the subsystem (18); (ii) map inconsistencies and gaps in the existing knowledge, e.g. missing genes for required functional roles; and (iii) identify additional protein families (with known or hypothetical functions) possibly related to the subsystem, such as potential transporters and regulators implicated by genome context analysis.
Regulatory Signals and Regulons-An iterative motif detection procedure implemented in the program SignalX was used to identify common regulatory DNA motifs in a set of upstream gene fragments and to construct the motif recognition profiles as described previously (28) . For the NagC regulon, we started from a training set of the upstream regions of known NagC targets in E. coli and their orthologs in other NagC-encoding genomes (15, 29, 30) . For predicted novel transcriptional regulators (termed NagR and NagQ), the training sets included the upstream regions of potentially co-regulated genes in the chitin utilization and NAG pathways. The constructed recognition rules were used to scan against a subset of genomes of proteobacteria having a respective regulator. Positional nucleotide weights in the recognition profile and Z-scores of candidate sites were calculated as the sum of the respective positional nucleotide weights (31) . The threshold for the site search was defined as the lowest score observed in the training set. This analysis produced gene sets with candidate regulatory sites in the upstream regions.
Functional Predictions-Previously uncharacterized genes detected within conserved clusters and/or as conserved members of corresponding regulons (as described above) are considered to be potentially involved (functionally coupled) with the subsystem under study. Depending on the functional context in a subset of genomes containing such genes, they may constitute candidates either for previously identified missing genes or for additional functional roles not included in the initial subsystem encoding. The analysis of long range homologs (e.g. by Psi-BLAST) and conserved domains in proteins (e.g. by Conserved Domain and PFAM data base search) often suggests a general class function providing additional support for specific functional predictions amenable to focused experimental verification, as demonstrated previously (19) and in this study.
Bacterial Strains, Plasmids, and Reagents
E. coli strains DH5␣ (Invitrogen) and BL21/DE3 (Stratagene, La Jolla, CA) were used for gene cloning and protein overexpression, respectively. For expression of all genes in E. coli, a pET-derived vector containing the T7 promoter, His 6 tag, and tobacco etch virus-protease cleavage site (32) was used. Enzymes for PCR and DNA manipulations were from New England Biolabs Inc. (Beverly, MA). Plasmid purification kits were from Promega (Madison, WI). PCR purification kits and nickel-nitrilotriacetic acid resin were from Qiagen Inc. (Valencia, CA). Oligonucleotides for PCR and sequencing were synthesized by Sigma-Genosys (Woodlands, TX). All other chemicals, including the assay components GlcNAc, GlcNAc-6-P, GlcN-6-P, NADH, NADP ϩ , ATP, phosphoenolpyruvate, lactate dehydrogenase, pyruvate kinase, phosphoglucose isomerase, glucose-6-phosphate dehydrogenase, and p-dimethylaminobenzaldehyde, were purchased from Sigma.
PCR Amplification and Cloning
Three protein-coding genes from S. oneidensis MR-1 (SO3505, SO3506, and SO3507) were amplified by using three sets of primers shown below. Introduced restriction sites (BspHI for the 5Ј-end and SalI and XhoI for the 3Ј-end) are shown in boldface; nucleotides not present in the original sequence are shown in lowercase. For GlcNAc-6-P deacetylase (SO3505), no mutations were introduced, 5Ј-ggcgctcATGAAAT-TCACTTTAATTGCCGAGCAATTATTTG and 3Ј-gacgcgtcgacTTACGGGCGAACATAGACCGCATTTCC; for predicted GlcN-6-P deaminase (SO3506), no mutations were introduced, 5Ј-ggcgctcATGACAAACACTATTATGGAACA-AGAAGCG and 3Ј-gacgcctcgagCTACAGCGTTTGAGT-GACTTTTTTCAG; for predicted GlcNAc kinase (SO3507), the second codon was mutated from GGA to ACA (Gly 3 Thr), 5Ј-ggcgctcATGACATTAGTCCAGACAAATGATCAACAAC and 3Ј-gacgcgtcgacTTAAACTGTTGCTGAATTAAATTG-CTG. PCR amplification was performed using S. oneidensis MR-1 genomic DNA. PCR fragments were cloned into the expression vector, which was cleaved by NcoI and SalI. Selected clones were confirmed by DNA sequence analysis.
Protein overexpression and purification were performed from 50-ml cultures using rapid Ni-NTA-agarose minicolumn protocol as described (33) . Briefly, cells were grown in LB medium to A 600 ϭ 0.8 at 37°C, induced by 0.2 mM isopropyl 1-thio-␤-D-galactopyranoside, and harvested after 12 h of shaking at 20°C. Harvested cells were resuspended in 20 mM HEPES buffer (pH 7) containing 100 mM NaCl, 0.03% Brij-35, and 2 mM ␤-mercaptoethanol supplemented with 2 mM phenylmethylsulfonyl fluoride and a protease inhibitor mixture (Sigma). Lysozyme was added to 1 mg/ml, and the cells were lysed by freezing-thawing followed by sonication. After centrifugation at 18,000 rpm, the Tris-HCl buffer (pH 8) was added to the supernatant (50 mM, final concentration), and it was loaded onto a Ni-NTA-agarose minicolumn (0.2 ml). After washing with the starting buffer containing 1 M NaCl and 0.3% Brij-35, bound proteins were eluted with 0.3 ml of the starting buffer containing 250 mM imidazole. Protein size, expression level, distribution between soluble and insoluble forms, and extent of purification were monitored by SDS-PAGE. In all three cases, soluble proteins were obtained with high yield (Ͼ1 mg from 50-ml culture) purified to Ͼ90% by SDS-PAGE (Fig. 3) .
Enzyme Assays
GlcNAc kinase activity was assayed by two methods as described (34) . In the end point assay A, the consumption of GlcNAc substrate was monitored using p-dimethylaminobenzaldehyde reagent after the specific removal of GlcNAc-6-P product by the addition of ZnSO 4 and Ba(OH) 2 solutions. In the continuous assay B, the conversion of ATP to ADP was enzymatically coupled to the oxidation of NADH to NAD ϩ and monitored at 340 nm. Briefly, 0.2-0.4 g of purified GlcNAc kinase was added to 200 l of reaction mixture containing 50 mM Tris buffer (pH 7.5), 10 mM MgSO 4 , 1.2 mM ATP, 1.2 mM phosphoenolpyruvate, 0.3 mM NADH, 1.2 units of pyruvate kinase, 1.2 units of lactate dehydrogenase, and 1 mM GlcNAc. For determination of the apparent k cat and the K m values for GlcNAc, its concentration was varied in the range of 0.1-5.0 mM in the presence of 3.2 mM (saturating) ATP.
GlcNAc-6-P deacetylase activity was tested by adding 2 g of purified GlcNAc-6-P deacetylase to 500 l of reaction mixture containing 0.5 mM GlcNAc-6-P and 0.1 M Tris (pH 7.5) at 37°C. The amount of GlcNAc-6-P consumed after 0 -3 min was determined by using p-dimethylaminobenzaldehyde reagent and reading the absorbance at 585 nm (35) . Determination of the k cat and K m values was performed by varying the concentration of GlcNAc-6-P in the range of 0.1-5.0 mM.
GlcN-6-P deaminase activity was assayed by coupling the formation of Fru-6-P to the reduction of NADP ϩ to NADPH and detection at 340 nm as described (35) . Briefly, 1.5-3.0 g of purified GlcN-6-P deaminase was added to 200 l of reaction mixture containing 40 mM sodium phosphate buffer (pH 7.5), 0.2 mM NADP ϩ , 8 units of phosphoglucose isomerase, 3 units of glucose-6-phosphate dehydrogenase, and 1 mM GlcN-6-P. No activity was detected in a control experiment without phosphoglucose isomerase, which verified the production of Fru-6-P but not glucose 6-phosphate. Determination of k cat and K m values was performed by varying the concentration of GlcN-6-P in the range of 0.1-10.0 mM. The allosteric activation of GlcN-6-P deaminase by GlcNAc-6-P was detected and assessed by performing the same assay in the presence of 0.05-1.00 mM GlcNAc-6-P.
All these assays were performed at 37°C. The change in NADH or NADPH absorbance was monitored at 340 nm using a Beckman DTX-880 multimode microplate reader. An NADH or NADPH extinction coefficient of 6.22 mM Ϫ1 cm Ϫ1 was used to determine initial rates using Multimode Detection software (Beckman). Further kinetic analysis was performed with the software XLfit 4 (IDBS). A standard Michaelis-Menten model was used to determine the apparent k cat and K m values of GlcNAc kinase and GlcNAc-6-P deacetylase, and the Hill equation was used to fit the data of GlcN-6-P deaminase.
In Vitro Reconstitution of NAG Pathway
A three-step conversion of GlcNAc to Fru-6-P was assessed by coupling the formation of Fru-6-P to the reduction of NADP ϩ and detection of NADPH at 340 nm (as in GlcN-6-P deaminase activity assay described above). The reaction mixture contained 1 mM GlcNAc in 50 mM Tris (pH 7.5) with 20 mM MgCl 2 , 1 mM GlcNAc, 0.2 mM NADP ϩ , 8 units/ml phosphoglucose isomerase, 3 units/ml glucose-6-phosphate dehydrogenase, and a mixture of three purified recombinant proteins, GlcNAc kinase, GlcNAc-6-P deacetylase, and GlcN-6-P deaminase (2 M each). All possible binary combinations of these enzymes were used in control runs to confirm that the presence of all three enzymes is strictly required. The order of enzymatic steps was additionally verified by replacing GlcNAc with 1 mM GlcNAc-6-P and incubating with a binary mixture of 2 M GlcNAc-6-P deacetylase and GlcN-6-P deaminase. To assess potential rate-limiting steps in the NAG pathway, the concentration of each enzyme in a series of experiments was decreased to 1 and 0.5 M, although the concentration of the other two enzymes was kept constant (2 M).
Growth Conditions for Phenotypic Analysis of Shewanella spp.
The following seven Shewanella strains were used in the phenotypic analysis: S. oneidensis MR-1 (culture collection deposit number ATCC BAA-1096); Shewanella amazonensis SB2B (ATCC BAA-1098); Shewanella putrefaciens CN-32 (ATCC BAA-454); Shewanella sp. PV-4 (ATCC BAA-1088); Shewanella denitrificans OS217 (ATCC BAA-1090); Shewanella baltica OS155 (ATCC BAA-1091); and Shewanella frigidimarina NCIMB400 (ATCC BAA-1089). Cells were aerobically grown at room temperature in 5-ml test tubes on defined medium of the following composition (g/liter): NH 4 Cl (0.3), KCl (0.1), NaCl (1.75), PIPES (0.91), NaOH (0.3), and NaH 2 PO 4 (0.6). 10 ml of 100ϫ stock of trace elements, vitamins, and amino acids solutions (36) were also added into the medium. pH of the medium was adjusted to 7.0 -7.2. The ability to grow with 20 mM lactate as sole carbon and energy source was compared with the ability to grow on 10 mM GlcNAc. Growth was monitored by measuring absorbance at 600 nm with a visible light spectrophotometer (Spec 20).
RESULTS
Comparative Genomics of GlcNAc and Chitin Utilization in
Proteobacteria-We used a subsystems-based approach to assess metabolic potential and possible regulatory mechanisms associated with utilization of GlcNAc and of its polymeric or oligomeric precursors in S. oneidensis and related species with completely sequenced genomes. This approach combines a number of comparative genomics techniques to analyze genes of the target organism(s) in a broader context of related pathways and species. The detailed results of this analysis are captured in the SEED subsystem available on line and in supplemental Table S1 . The key results are illustrated in Fig. 1 and Tables 1 and 2 and contain both previously known and novel features predicted using the genome context analysis.
Although an overall topology of this subsystem and its role in utilizing exogenous sources of GlcNAc for feeding Fru-6-P to central carbon metabolism is preserved in most of the analyzed species, nearly all aspects of its implementation are associated with remarkable variations (functional variants). As illustrated in Fig. 1 , only one gene of the NAG pathway (nagA) is shared between S. oneidensis and E. coli. Major species-to-species variations in the key functional modules include the following: (i) existence of three alternative transcriptional regulators and regulatory signals; (ii) presence or absence of chitinolytic machinery and variations therein; (iii) alternative mechanisms of sugar uptake; and (iv) nonorthologous gene displacements for two of three enzymatic steps of the NAG pathway (Table 1 and Table S1 ). Some of these variations are briefly highlighted in the below where we focus mostly on novel findings and conjectures.
Transcriptional Regulation
NagC Regulon-The GlcNAc-6-P-responsive transcription factor NagC was initially characterized in enterobacteria as a repressor of the nag operon encoding NAG pathway genes (15) . NagC was further shown to additionally regulate the chb operon responsible for utilization of chitobiose, (GlcNAC) 2 , and the glmUS genes involved in the GlcNAC biosynthetic pathway in E. coli (16, 29) . NagC belongs to the ROK (Repressor, Open reading frame, Kinase) protein family and has an N-terminal DNA-binding domain and a C-terminal sugar kinase-like domain (37) . Although NagC orthologs are present in the genomes of enterobacteria, Vibrionales, and Pasteurella multocida (Table 1) , the NagC-binding motif and regulons have not been systematically analyzed. The analysis of upstream regions of NagC-controlled genes and their orthologs in these taxonomic groups resulted in identification of the NagC-binding motif, which was used for identification of additional NagC targets in the analyzed microbial genomes (supplemental Table  S2 ). The obtained consensus logo for NagC-binding sites in ␥-proteobacteria (Fig. 2 ) is in accordance with the consensus experimentally determined for E. coli NagC (30) . The most conserved part of the NagC regulon includes the NAG pathway genes nagA and nagB and PTS GlcNAc nagE. The largest extension of the NagC regulon observed in chitinolytic Vibrionales species (Table 1) includes genes involved in chitin sensing and degradation (chitinases, ␤-N-acetylglucosaminidase, chitodextrinase, and CBP (chitin-binding protein)), chemotaxis toward chitin (MCP (methyl-accepted chemotaxis protein), uptake of chitin degradation products across the outer and inner membranes (chitoporins and permeases), and desulfation (Table S2) . These findings agree with microarray data on the induction of gene expression by GlcNAc and chito-oligosaccharides in V. cholerae (11) .
Many other proteobacteria, beyond Enterobacteriales and Vibrionales, having the NAG pathway do not contain NagC orthologs. Based on the analysis of conserved chromosomal clusters (operons), we have tentatively identified previously uncharacterized members of the LacI and GntR families as alternative transcription regulators of the NAG pathway in two other groups of proteobacteria.
Novel NagR Regulon-A transcriptional regulator of LacI type (named here nagR) was identified in a chromosomal cluster with the nag genes conserved in Alteromonadales, including Shewanella spp., and Xanthomonadales ( Table 1 ). The length (18 bp) and the central CG pair of the derived palindromic consensus aaTGACArCGyTGTCAtt (named here NAG-box, Fig. 2 ) are characteristic of DNA-binding sites of LacI family regulators (38) . Predicted members of the novel NagR regulon (supplemental Table S3 ) include enzymes that are likely involved in chitin degradation (ChiA, CBP, CdxA, and Hex) as well as a number of new genes implicated in uptake and utilization of GlcNAc via a new version of the NAG pathway (see below). The presence of NAG-boxes upstream of the nagR gene in Shewanella and Colwellia species suggests possible autoregulation of its expression. Colwellia psychrerythraea has an additional gene locus, CPS2360 -CPS2383, with multiple NAGboxes in upstream regions of genes encoding two additional NagR paralogs, a TonB-dependent outer membrane receptor and a number of putative sugar hydrolases and sulfatases that may be involved in degradation/desulfation of a complex sulfated GlcNAc polysaccharide. High sequence similarity of NagR paralogs and the presence of similar NAG-boxes in their regulatory regions suggest a recent duplication of nagR genes in the C. psychrerythraea genome accompanied by an extension of the NagR regulon to co-regulate the NAG and CPS2360 -CPS2383 genes.
Novel NagQ Regulon-Another transcription factor of the GntR type (named here NagQ) was inferred based on chromosomal clustering with NAG pathway genes in ␣-and ␤-proteobacteria and in several representatives of ␥-proteobacteria ( Table 1 ). The deduced binding motif consists of two or three imperfect repeats of TGGTATT separated by 4 bp (Fig. 2) . Such operator structure is typical for regulators from the GntR family (39) . Candidate NagQ sites occur in upstream regions of all nag operons containing the nagQ gene. Additional sites were detected upstream of chitinolytic genes in Chromobacterium violaceum, Caulobacter crescentus, and Burkholderia spp. (supplemental Table S4 ). Interestingly, regulation of GlcNAc and chitin utilization in a Gram-positive bacterium Streptomyces coelicolor is also mediated by a transcriptional factor from the GntR family (DasR or SCO5231) (40) .
Chitin Degradation and Uptake to the Periplasm
The analysis of operons and regulons associated with GlcNAc and chitin utilization subsystem allowed us to accurately annotate and map a number of previously uncharacterized components of chitinolytic machinery in Shewanella spp. and other proteobacteria (supplemental Table S1 ). Most genes encoding chitinases (chi), chitin-binding proteins (cbp), chitodextrinase (cdxA), and ␤-Nacetylglucosaminidase (hex) appear to be co-regulated with the NAG pathway (Table 1 and Fig. 2 ). Species with completely sequenced genomes in several taxonomic groups of proteobacteria are shown as rows. The presence of genes for the respective functional roles and metabolic blocks (columns) is shown by capital letters corresponding to the three identified regulons. C, NagC regulon (as in E. coli); R, NagR regulon (as in S. oneidensis), and Q, NagQ regulon (␤-and ␣-proteobacteria). Other genes that were not identified within the above GlcNAc regulons are marked by "U." Genes clustered on the chromosome (operons) are outlined by matching background colors. Tentatively predicted functional roles are marked by asterisks. The complete version of this table with gene identifications is available in Table S1 in supplementary data. FIGURE 2. Genome context of genes associated with GlcNAc and chitin utilization subsystem in Shewanella spp. and related proteobacteria. The presence of regulatory sites upstream of the respective genes and operons is shown by symbols explained in the boxed inset (together with "logo" representing corresponding consensus regulatory DNA motifs). Genes predicted by genome context analysis are marked by asterisks. Homologous genes are marked by matching colors. In Vibrionales, chito-oligosaccharides are known to enter the periplasmic space via a specific chitoporin encoded by the (GlcNAc) 2 -induced gene chiP (11, 41) , a predicted member of the NagC regulon. Based on the genome context analysis, we predicted the involvement of two other types of outer membrane proteins, ChiP-II and ChiP-III, in the uptake of GlcNAc and/or its oligosaccharides.
(i) ChiP-II belongs to a family of TonB-dependent outer membrane receptors, many of which are known to mediate high affinity binding and energy-dependent uptake of specific substrates into the periplasm (42) . The chiP-II gene was identified as a member of the NagR regulon in Shewanella spp. (SO3514 in S. oneidensis) and other Alteromonadales and Xanthomonadales. It is also positionally clustered with hex and genes of the NAG pathway (Table 1 and Fig. 2 ). Some species (such as Xanthomonas and Caulobacter) contain multiple copies of the chiP-II genes that are mostly controlled by NAG-dependent regulators. One of 67 hypothetical TonB-dependent receptors encoded in the C. crescentus genome was shown to be involved in the TonB-ExbBD-dependent uptake of maltodextrins (43) . This allowed us to suggest a similar mechanism for the ChiP-II-mediated uptake of chito-oligosaccharides.
(ii) A hypothetical outer membrane porin (named here ChiP-III) was mapped in the NagC regulons of 10 ␥-proteobacteria (Tables S1 and S2 ). ChiP-III belongs to the OprD porin family, many representatives of which are involved in uptake of various nutrients through the outer membrane in Pseudomonas aeruginosa (44) . In contrast, the previously characterized chitoporin ChiP from Vibrio spp. belongs to the OmpC porin family. The conserved co-localization of the chiP-III and hex genes in the chromosomes of the C. violaceum, Yersinia, and Serratia species suggests involvement of ChiP-III in the outer membrane uptake of oligosaccharides that are substrates of the periplasmic ␤-N-acetylglucosaminidase Hex. In non-chitinolytic Escherichia and Salmonella species that have no Hex hydrolase, ChiP-III could be involved in uptake of chitobiose through the outer membrane supplying the PTS transporter for this disaccharide.
GlcNAc Transport across the Inner Membrane
PTS System-The GlcNAc-specific component NagE of the PTS transport system associated with the NAG pathway was described in E. coli. This signature gene is a conserved member of nag operons and respective regulons in Enterobacteriales and Vibrionales and in some ␣-and ␤-proteobacteria (Table 1  and Table S1 ). Another committed PTS system for transport of chitobiose in E. coli and other enterobacteria is a part of the chb operon controlled by NagC and an additional regulator ChbR (16, 45) .
ABC Transport System-An alternative system of GlcNAc transport via a committed ABC cassette was originally described in Streptomyces olivaceoviridis (46) . An analogous ABC system is clustered on the chromosome with other nag genes in Silicibacter spp. and Rhizobiales (e.g. mll4771-mll4779 in Mesorhizobium loti). These species appear to have a functional variant of the NAG pathway but lacking any other candidate genes for GlcNAc transport, and this phyletic distribution supports the suggested tentative specificity assignment of the identified ABC cassette. On the other hand, Vibrionales use an ABC-type transporter (VC0620 -VC0616 in V. cholerae) for the uptake of chitobiose (10), which is induced by chitooligosaccharides (11) without being a member of the NagC regulon.
Novel Permease NagP-A novel GlcNAc transporter, named here nagP (SO3503 in S. oneidensis), was tentatively identified in the genomes of Alteromonadales and Xanthomonadales. The NagP proteins contain 12 predicted transmembrane segments and are homologous to the fucose permease FucP from E. coli (ϳ25% identity). This functional assignment is supported by clustering on the chromosome and by predicted coregulation (via upstream NagR-binding sites) with other nag genes ( Table 1 and Fig. 2) . The presence of NagP orthologs only in species containing a functional variant of the NAG pathway (see below) but lacking GlcNAc-specific PTS or ABC systems is more evidence in favor of the NagP proposed functional role. Another family of uncharacterized membrane proteins with 11 predicted transmembrane segments, named here NagX (SO3504 in S. oneidensis), may also be involved in uptake and transport of GlcNAc or other products of chitin degradation. In addition to the evidence from operons and regulons (Table 1 and Fig. 2 ), NagX has a perfect co-occurrence profile with ChiP-III as well as good correlation with occurrence of NagP.
Three-step NAG Pathway
Step 1: From GlcNAc to GlcNAc-6-P-In enterobacteria and some other lineages of proteobacteria, GlcNAc uptake and phosphorylation are coupled to a PTS transport system containing a GlcNAc-specific NagE component (Fig. 1) . The absence of nagE orthologs in many other microbial genomes (including Shewanella species) presumably containing the NAG pathway and alternative (nonphosphorylating) transporters pointed to the existence of a specific GlcNAc kinase (EC 2.7.1.59). The S. oneidensis gene SO3507, which is present in the conserved chromosomal cluster containing the nag genes in Alteromonadales and some ␣-proteobacteria (Fig. 2) , encodes a motif typical for the ATP-binding domain of sugar kinases (PFAM domain PF01869). Therefore, it was deemed a candidate for the missing GlcNAc kinase role (named here NagK-I). This functional prediction was supported by significant sequence similarity (ϳ24%) with the recently characterized mammalian GlcNAc kinase (47) . Although the observed homology alone would not be sufficient to assign the sugar specificity of the respective bacterial enzymes, taken together with the genome and functional context analysis, it provided strong evidence, sufficient for experimental testing as described below.
In five analyzed Xanthomonadales species having a similar variant of the subsystem (supplemental Table S1 ), NagK-I appears to be functionally replaced by a nonorthologous enzyme from the glucokinase family (PFAM domain PF02685). A candidate gene for this novel GlcNAc kinase (XF1460 in Xylella fastidiosa; named here NagK-II) was identified using the genome context evidence as follows: chromosomal clustering, assignment to the NagR regulon, and a characteristic phyletic occurrence profile (Table 1 and Fig. 2 ).
Step 2: From GlcNAc-6-P to GlcN-6-P-GlcNAc-6-P deacetylase (EC 3.5.1.25), NagA, is the only invariant component of the NAG pathway. Orthologs of this enzyme, originally characterized in E. coli (48) , are conserved over a large phylogenetic distance from bacteria to mammals (e.g. NP_057028 in Homo sapiens). In bacteria, nagA is commonly clustered on the chromosome with other genes associated with the NAG pathway (Table 1) , making it a nearly perfect signature gene. However, the presence of NagA is necessary but not sufficient to infer the complete pathway. For example, in some bacteria (e.g. Haemophilus influenzae), NagA is involved in sialic acid metabolism, where GlcNAc-6-P is supplied by epimerization of ManNAc-6-P by NanE.
Step 3: From GlcN-6-P to Fru-6-P-Glucosamine-6-phosphate deaminase (EC 3.5.99.6) is required for the last committed step of the NAG pathway, simultaneous isomerization and deamination of GlcN-6-P yielding Fru-6-P, a key intermediate in the central carbon metabolism of many species. This enzyme, a product of the nagB gene in E. coli, was characterized in detail (49) , and its orthologs are present in many bacteria and mammals (e.g. human gene GNPDA, NP_005462). However, analysis of the GlcNAc utilization subsystem showed that this gene is missing in S. oneidensis as well as in most of other proteobacteria except Enterobacteriales and Vibrionales.
We have tentatively identified a candidate gene for an alternative GlcN-6-P deaminase (termed here NagB-II to distinguish from the orthologs of E. coli NagB, which we will further refer to as NagB-I) based on its chromosomal clustering and occurrence profile (Table 1 and Fig. 2 ). NagB-II (SO3506 in S. oneidensis) belongs to the sugar isomerase protein family, and it is most similar to the C-terminal domain of GlcN-6-P synthase (GlmS in E. coli). The latter catalyzes the first committed step in the biosynthesis of UDP-N-acetylmuramate from Fru-6-P (via GlcNAc-6-P), providing a critical intermediate in the biogenesis of peptidoglycan in most bacteria (50) . Although this step, glutamine-dependent transamination-isomerization of Fru-6-P to GlcN-6-P, is formally a reversal of a catabolic reaction catalyzed by NagB-I, these enzymes are structurally and mechanistically unrelated to each other. On the other hand, NagB-II shares the C-terminal domain with GlmS but does not contain an equivalent of its N-terminal domain responsible for the utilization of glutamine as a nitrogen source and strictly required for the biosynthetic activity of GlmS. Based on detailed mechanistic studies of GlmS and its individual domains (51), it was reasonable to expect that NagB-II may have a catabolic, deaminase-isomerase activity (as in NagB-I) but not the biosynthetic activity of GlmS. This conjecture was captured earlier by the on-line annotation of a NagB-II ortholog from Thermotoga maritima (TM0813) proposed in the context of structural studies at the Joint Center for Structural Genomics (Protein Data Bank code 1J5X). When this study was nearly complete, another group published the experimental characterization of an NagB-II ortholog from the hyperthermophilic archaeon Thermococcus kodakaraensis, where it is encoded within the chitin utilization gene cluster (52) . A functional context (pathway) of this enzyme in Archaea is different from the bacterial NAG pathway and has yet to be elucidated. In S. oneidensis and other bacteria, the nagB-II gene is consistently clustered with nagA and other nag genes (Fig. 2) . Remarkably, in a single strain of Shewanella species (PV-4) and in C. psychrerythraea, nagB-II is functionally replaced by a standalone nagB-I gene preceded by a candidate NagR-binding site (Fig. 2) .
In summary, we used the subsystem reconstruction and the genome context analysis to infer the existence of a novel functional variant of the NAG pathway of S. oneidensis and a number of other proteobacteria. In the second part of this study, we have performed experimental validation of the predicted pathway and characterized the enzymes involved in this pathway, focusing on its novel components, NagK-I and NagB-II, nonhomologous to known E. coli genes with the same function.
Experimental Characterization of S. oneidensis NAG Pathway
To validate a novel variant of the NAG pathway and to characterize its individual components, three genes of the S. oneidensis NAG operon, SO3507 (nagK-II), SO3505 (nagA), and SO3506 (nagB-II), were cloned in an expression vector with an N-terminal His 6 tag and overexpressed in E. coli BL21/DE3. Recombinant proteins were partially purified (Ͼ90% by SDS-PAGE; see Fig. 3 ) using a rapid Ni-NTA mini-column protocol.
Properties of Individual Enzymes
Expected enzymatic activities of all three proteins were verified and characterized using the specific assays described under "Experimental Procedures." The steady-state kinetic parameters are provided in Table 3 . GlcNAc kinase NagK-II, the proposed first enzyme of the NAG pathway in S. oneidensis, has kinetic parameters similar to those of its recently described eukaryotic homologs. The k cat of GlcNAc kinase is 14.1 s Ϫ1 (Table 3) . The apparent K m value for GlcNAc (0.24 mM) at a saturating concentration of ATP (1.2 mM) is comparable with the respective values reported for the enzymes from Candida albicans (0.37 mM) or from mouse (0.20 mM) (47, 53) . To our knowledge, this is the first documented report of bacterial GlcNAc kinase functionally replacing GlcNAc phosphorylation by PTS system, such as in the NAG pathway of E. coli.
GlcNAc-6-P deacetylase NagA of S. oneidensis catalyzing the second step of the NAG pathway, which is broadly conserved in bacteria and eukaryotes, has a K m value (0.43 mM) similar to NagA from E. coli (0.4 mM) (35) . The k cat of GlcNAc-6-P deacetylase (12.0 s Ϫ1 ) is comparable with that of GlcNAc kinase (Table 3) .
GlcN-6-P deaminase NagB-II, a predicted last step of the S. oneidensis NAG pathway, displayed a surprisingly low specific activity in the initial tests. Consequently, we have shown that its activity can be strongly enhanced by the addition of an in-pathway intermediate GlcNAc-6-P. A further detailed analysis of this allosteric activation (Fig. 4) revealed that GlcNAc-6-P decreases the apparent K m value for GlcN-6-P without modifying the maximal velocity. Remarkably, a very similar allosteric regulation by GlcNAc-6-P was described previously for a nonhomologous counterpart of this enzyme (NagB-I) of E. coli (54) . A conservation of the allosteric regulation in the absence of any notable homology at the sequence level between NagB-I and NagB-II is quite unexpected and argues for the functional importance of this regulatory mechanism. At a saturating concentration of GlcNAc-6-P, the apparent K m values reach a similar level for both S. oneidensis NagB-II (0.35 mM) and E. coli NagB-I (0.55 mM), although the k cat value of NagB-II (0.9 s Ϫ1 ) remains much lower than the reported k cat value of NagB-I (168 s Ϫ1 ) (49) . The overall catalytic efficiency of NagB-II (k cat /K m ) is 1-1.5 orders of magnitude lower compared with NagK-I and NagA of S. oneidensis ( Table 3 ), suggesting that (given the expected comparable expression levels of all three enzymes encoded within a single operon) the former may be a rate-limiting step of the NAG pathway in this organism. A similar conclusion was derived from the in vitro pathway reconstitution experiments described below.
In Vitro Reconstitution of the NAG Pathway
We successfully validated the inferred S. oneidensis NAG pathway by in vitro reconstitution of the three-step biochemical conversion of GlcNAc to Fru-6-P. The reaction mixture contained GlcNAc and ATP and equimolar amounts of the three purified recombinant enzymes NagK-I, NagA, and NagB-II from S. oneidensis. The production of Fru-6-P was monitored by enzymatic coupling with two consecutive reactions catalyzed by phosphoglucose isomerase and glucose-6-phosphate dehydrogenase and led to a chromogenic conversion of NADP to NADPH (Fig. 5A) . The conversion of GlcNAc to Fru-6-P could be detected only in the presence of all three recombinant enzymes (Fig. 5B) . In the same series of experiments, intermediates GlcNAc-6-P and GlcN-6-P could be converted to the final product Fru-6-P in the presence of two enzymes (NagA and NagB-II) and one enzyme (NagB-II), respectively, confirming the order of enzymatic steps in the NAG pathway (Fig. 5B) .
To assess rate-controlling reactions in the GlcNAc utilization pathway, we determined the change in the overall flux (a net rate of Fru-6-P formation) resulting from a change in the concentration of each enzyme in the mixture (Fig. 6) . The most significant concentration dependence of the overall flux was observed for NagB-II consistent with the possible (at least partially) rate-limiting nature of the last step of the NAG pathway.
Phenotypic Characterization of GlcNAc Utilization in Shewanella spp.
Seven Shewanella strains were tested for the ability to respire GlcNAc, and all except S. frigidimarina NCIMB400 were positive for NAG respiration. The same seven strains were tested for ability to grow aerobically using either lac-FIGURE 4. Allosteric activation of S. oneidensis GlcN-6-P deaminase by GlcNAc-6-P. A, plot of initial velocity against substrate concentration obtained at different GlcNAc-6-P concentrations. Data were fit to the Hill equation. GlcNAc-6-P concentrations were as follows: 0 (E), 0.05 mM (Ⅺ), 0.2 mM (F), and 1 mM (f). B, apparent steady-state parameters k cat (F) and K m values (E) for GlcN-6-P plotted as a function of GlcNAc-6-P concentration. denitrificans OS-217, S. baltica OS155, and S. amazonensis SB2B grew equally well on both substrates achieving OD from 0.4 to 0.8. In contrast, S. frigidimarina NCIMB400 showed no growth on GlcNAc but grew well on lactate as a sole carbon and energy source. This observation is consistent with the absence of the GlcNAc utilization genes in the genome of S. frigidimarina. In summary, the experimental results obtained in this study provide an experimental validation of the novel variant of the NAG pathway in S. oneidensis and reveal a role of GlcNAc utilization in biomass production and respiration in all strains of Shewanella with completely sequenced genomes with the notable exception of S. frigidimarina. Kinetic analysis of the individual enzymes of the pathway revealed a remarkable conservation of the allosteric regulatory mechanism for the last, possibly rate-limiting, step of the pathway. . In vitro reconstitution of NAG pathway using purified S. oneidensis enzymes. A, the Fru-6-P formation was monitored by change in absorbance at 340 nm due to enzymatic coupling to NADP-NADPH conversion via phosphoglucose isomerase and glucose-6-phosphate dehydrogenase. B, all samples contained 1 mM of substrate and 2 M of each enzyme. Formation of Fru-6-P was observed by incubating GlcNAc with all the three enzymes, GlcNAc-6-P with GlcNAc-6-P deacetylase and GlcN-6-P deaminase, and GlcN-6-P with GlcN-6-P deaminase, and the corresponding production rates of Fru-6-P were determined. FIGURE 6. Evaluation of the possible rate-limiting steps in the in vitro reconstituted NAG pathway. Monitoring of the overall rate of conversion of GlcNAc to Fru-6-P was performed as described in Fig. 5 . The initial value of the overall rate (flux) was obtained at 1:1:1 molar ratio of three enzymes. Consecutive measurements were performed while reducing the concentration of each enzyme (one at a time) to 50 and 25% of its initial value, and the concentration of the other two enzymes was kept constant. The observed overall flux was normalized to the initial value (at 1:1:1 ratio of all enzymes). All values are means Ϯ S.D. of three independent experiments.
DISCUSSION
The comparative genomics analysis and metabolic reconstruction of the chitin and GlcNAc metabolic subsystem across a broad range of proteobacteria, including S. oneidensis and related species from the Alteromonodales family, revealed a remarkable pattern of conserved and variable features. The key conserved aspects of this subsystem are as follows.
1) An overall catabolic strategy is implemented in a number of common aspects of the subsystem topology (Fig. 1) , including chemotaxis, depolymerization of chitin by an array of extracellular hydrolases, uptake of chito-oligosaccharides to the periplasm, further degradation to GlcNAc, and transport across the inner membrane feeding GlcNAc to the biochemical conversion to Fru-6-P.
2) The latter module, the NAG pathway, is present in both chitinolytic (e.g. S. oneidensis or V. cholerae) and nonchitinolytic (e.g. E. coli or P. aeruginosa) proteobacteria (Table 1) . Within this module, one enzyme, GlcNAc-6-P deacetylase (NagA), appears to be invariantly conserved in all bacteria and eukaryotes containing one or another variant of the NAG pathway.
3) Expression of nearly all components of the subsystem is tightly coordinated and regulated as revealed by the extended conserved operons and regulons in all groups of proteobacteria.
4) An allosteric regulatory mechanism is remarkable conserved for both nonhomologous isozymes (NagB-I and NagB-II) involved with the last step of the NAG pathway.
At the same time, all these aspects are also associated with significant variations such as the following.
1) Different groups of species (and even closely related species) differ in their ability to utilize GlcNAc from a variety of natural reservoirs, such as chitin, chitobiose, and GlcNAc. Moreover, most of the pathogenic Pasteurellales (e.g. H. influenzae) use only the two last steps of the NAG pathway to catabolize GlcNAc-6-P produced by the sialic acid utilization pathway (55) .
2) At least three nonorthologous types of transcription regulators appear to control the expression of the nag genes in various groups of proteobacteria. Among them, only NagC, characteristic of Enterobacteriales and Vibrionales species, was described previously. Additional regulators of the LacI type (named here NagR, characteristic of Alteromonadales, including Shewanella spp.) and of the GntR type (named here NagQ, characteristic of ␣-and ␤-proteobacteria) were predicted in this study (Table 1 and Fig. 2) .
3) A similarly high level of variations and nonorthologous displacements is observed for the components of transport machinery (Fig. 2) . Most notably, the PTS-mediated transport of GlcNAc characteristic of Enterobacteriales and Vibrionales appears to be functionally replaced by a specific permease (NagP in Shewanella and other Alteromonadales and Xantomonadales) or an ABC cassette (as in some ␣-proteobacteria) in conjunction with a GlcNAc kinase, see below.
4) Notably, all but one (NagA) enzymatic components of the most universal NAG pathway occur in a number of alternative forms. At least two nonorthologous kinases, NagK-I (as in Shewanella spp. and other Alteromonadales) and NagK-II (in Xanthomonadales), were inferred by the genome context analysis in this study. The former, a distant homolog of the eukaryotic GlcNAc kinase, was experimentally validated in this study. Of note, yet another (presently unknown or "missing") GlcNAc kinase is expected to be present in some bacterial species beyond the order of Proteobacteria described in this study. For example, T. maritima contains an extended nag operon but lacks the PTS system as well as obvious orthologs of NagK-I or NagK-II. 5 Moreover, GlcNAc kinase activity was reported in crude extracts of E. coli, where it could be needed for the utilization of one molecule of GlcNAc, which is formed, along with one molecule of GlcNAc-6-P, as a by-product of the chitobiose utilization pathway (56) . Although it is tempting to speculate that such activity could be displayed by NagC, a member of the ROK family that contains a number of established sugar kinases, we were unable to detect any GlcNAc activity for the recombinant NagC proteins from either E. coli or T. maritima (TM0808, clustered with the nag operon). Therefore, GlcNAc kinase remains a missing gene in some bacteria. Multiple nonorthologous displacements appear to be characteristic of many small molecule kinases, even beyond sugar-kinase families (57) . For example, at least four nonorthologous forms of pantothenate kinase are associated with functional variants of the universal coenzyme A biosynthetic pathway (18).
5) The canonical form of the GlcN-6-P deaminase (NagB-I) present in Enterobacteriales and Vibrionales is conserved in eukaryotes but replaced by a nonorthologous isozyme NagB-II in S. oneidensis (characterized in this study) and all other proteobacteria, as well as in many distant groups of bacteria, including T. maritima. 6 A subsystems-based approach (17) applied in this study to the analysis of chitin and GlcNAc utilization in S. oneidensis and related species has allowed us to significantly improve the quality of genomic annotations and to accurately infer metabolic and regulatory networks for relatively unexplored organisms. For example, before this study very little was known about the chitin utilization pathways in Shewanella species, although some of the strains were shown previously to have this catabolic potential, especially important in the aquatic environment enriched by this polysaccharide (9) . Among Gram-negative bacteria, degradation and utilization of chitin have been studied in some species of Vibrionales, Alteromonas sp., S. degradans, and S. marcesens, whereas the intracellular GlcNAc catabolism was mostly characterized in a non-chitinolytic bacterium, E. coli. For example, many components of the chitin utilization system of V. cholerae were mapped previously by genome analysis, microarray expression, and biochemical studies (11) . Another example is an insightful analysis of S. degradans, which revealed several secreted and periplasmic chitinolytic enzymes by initial genomic analysis and further enzymatic assays (13) . We applied comparative genomics techniques, including the analysis of conserved operons and regulons, to project this knowledge to Shewanella species and other proteobacteria with completely sequenced genomes.
Among the important outcomes of this analysis is our ability to assert the existence and the biochemical details of the NAG pathway in all analyzed species. For example, all but one of the analyzed Shewanella species is capable of utilizing GlcNAc, as inferred by the genome analysis and confirmed by phenotype screening. Several strains (namely S. oneidensis, S. baltica, S. denitrificans, and Shewanella spp. ANA-3, MR-4, and MR-7) are expected to have the ability to utilize chitin or chito-oligosaccharides. Although all enzymes of the S. oneidensis NAG pathway were experimentally characterized in this study, many other functional predictions (Table 2 ) have yet to be challenged by focused experiments, which are now underway.
